The characterization of receptive field (RF) properties is fundamental to understanding the neural 2 basis of sensory and cognitive behaviour. The combination of non-invasive imaging, such as 3 fMRI, with biologically inspired neural modeling has enabled the estimation of population RFs 4 directly in humans. However, current approaches require making numerous a priori assumptions, 5 so these cannot reveal unpredicted properties, such as fragmented RFs or subpopulations. This is 6 a critical limitation in studies on adaptation, pathology or reorganization. Here, we introduce 7 micro-probing (MP), a technique for fine-grained and assumption free characterisation of 8 subpopulation RFs. Without specific stimuli or adapted models, MP mapped the bilateral RFs 9 characteristic of observers with a congenital pathway disorder. Moreover, in healthy observers, 10 MP revealed voxels that capture the activity of multiple neuronal subpopulations. Thus, MP 11 provides a versatile framework to visualize, analyze and model, without restrictions, the diverse 12 RFs of cortical subpopulations in health and disease.
Introduction 14
Over the past decade, our understanding of human brain function, organization and plasticity has 15 increased tremendously. An essential contribution to this success has come from the ability to strongest VE included in the muRF estimation) and compares these to the conventional pRF 78 estimates.
79 Figure 1 indicates various features of the MP approach. First, it shows that the estimated size of 80 the muRFs depends on the chosen k-threshold. More liberal thresholds result in muRFs that are 81 approximately similar in size to conventional pRFs, whereas more stringent thresholds result in 82 smaller muRFs ( Figure 1A) . Figure 1B shows an example in which MP resulted in accurate 83 detection of the muRF, whereas the pRF estimate was not. Note that the location of the muRF 84 does not depend on the chosen threshold. A more stringent threshold also enables identification 85 of multiple muRFs ( Figure 1C ). Using simulations ( Figure S1 ), we confirm that a stringent k-86 threshold minimizes the eccentricity error, while more lenient ones minimize the size error. Polar 87 angle estimates were not influenced by the k-threshold. Additional simulations showed that: 1) 88 the MP is highly robust to noise and can accurately determine the number of muRFs as well as 89 their position and shape ( Figure S2 ). The main factors affecting the accuracy of MP are the 90 actual number of simulated muRFs and their proximity ( Figure S3 ). estimations for V1 voxels. Shown are results obtained for three V1 voxels and with probe maps thresholded at a k-93 threshold of 100%, 50%, 30% and 15% (this k-threshold determines the percentage of probes with best VE included 94 in the muRF estimation). It is clear that the conventional pRF (blue circles) and MP-based muRF estimates (dashed 95 red outlines) can differ in various ways: A) estimated muRF size and shape depend on k-threshold. B) MP found a 96 muRF with a high VE (0.49), while the estimated pRF had low VE (0.005) and was located outside of the stimulated 97 region. C) At lenient k-thresholds (100%, 50%, 30%), MP revealed a single muRF, while at a more stringent 98 threshold it detected multiple muRFs. Data was obtained during retinotopic mapping. The V1 voxels were extracted 99 from the right hemisphere of observer S07.
100 Figure 2A depicts the similarity of the eccentricity maps obtained with the pRF and MP 101 approaches. Figure 2D shows that the muRFs and conventional pRF eccentricity are highly 102 correlated. In the periphery, however, the estimated muRFs have somewhat lower eccentricity 103 (i.e. they are situated more foveally) than the accompanying pRFs. This is particularly noticeable 104 for higher-order areas. Figure 2B shows the projections of pRF and muRF size on an inflated brain mesh. Due to our 123 choice of k-threshold (15%) and a VEr (maximum difference in VE between the most and least 124 explanatory probe) of 0.1, the muRF sizes shown here are significantly smaller than those of the 125 pRFs (note the different scales). Nevertheless, Figure 2E shows that both pRF and muRF size 126 increase with eccentricity, irrespective of the k-threshold used. Note how the choice of k-127 threshold influences the estimated muRF size. Figure S5 shows the same effects for a number of 128 visual areas.
129 Figure 2C shows (projected on an inflated brain mesh) the close similarity of the VE for pRF and 130 muRF model estimates. Figure 2F shows how MP performs better than the conventional pRF for 131 voxels with low explanatory power (VE<0.1). In contrast, for voxels with a very high 132 explanatory power (VE>0.8), the conventional pRF has a higher VE than MP. This is partly 133 because the conventional pRF method tends to estimate larger pRFs, which also results in a 134 higher VE. Figure S6 shows that increasing the k-threshold for MP also increases the estimated 135 muRF size, resulting in a higher VE .
136

Application of MP in albinism 137
To demonstrate the biological relevance of our new technique, we applied MP to data obtained in 138 observers with albinism. Based on previous work in observers with albinism, we expected to find 139 mirror symmetry in the positions of the estimated muRF with respect to the vertical meridian 140 (21-23). Figure 3A shows the projection of the symmetry coefficients (calculated based on the 141 probe maps regarding the vertical midline) onto the reconstructed hemispheres of a 142 representative observer with albinism and a control observer. See method section "Symmetry 143 analysis of probe maps" for more details. In albinism, the probe maps revealed a large number of 144 voxels with muRFs that were mirrored across the vertical meridian. Closer inspection of the 145 probe map of Figure 3C , showed highly symmetrical and spatially organized muRFs in an 146 example voxel. The cortical projections showed that most of the symmetry coefficients were 147 much higher in albinism than in the control observer, and that neighbouring voxels had similar 148 symmetry coefficients. Central regions showed higher symmetry coefficients than peripheral 149 ones. Moreover, we found that a clear overlap between the cortical region with high symmetry 150 values and the right-left hemifield overlap cortical region (dashed line) that was determined 151 based on stimulating the left and right hemifield in separate experiments (described in (24)). In 152 control observers, high symmetry values were found for voxels with a muRF near the border of 153 visual areas (e.g. V1/V2), where the muRF is expected to be located on or very close to the 154 vertical meridian. Figure 3B illustrates why such voxels also have high symmetry coefficients. To demonstrate the versatility of MP, Figure 4A shows the symmetry calculated for a series of 163 symmetry axes for the V1 region of the right hemisphere of every observer during full field 164 stimulation. Controls had slightly increased symmetry coefficients for both the horizontal and 165 vertical symmetry axes (0 and 90 degrees). This reflects the symmetry of neuronal populations 166 located along the vertical and horizontal meridians and the distribution of muRFs in the visual 167 field. Figure S9 shows the high number of muRFs located on the horizontal meridian. For 168 observers with albinism, the inter-observer variability corresponded with their differing levels of 169 misrouting. As expected, those with severe misrouting (top row) showed a high degree of 170 symmetry for the vertical axis. No systematic differences were found for albinism observers with 171 low levels of misrouting (bottom row). The V1 symmetry coefficients for the vertical axis 172 correlate highly with the clinically established level of misrouting ( Figure 4B ). The symmetry 173 coefficient to the vertical meridian is thus indicative of misrouting. intra-observer variability in healthy controls was low (see Figure S9A ), their symmetry coefficients were averaged.
179
The albinism observers are shown in order of decreasing level of misrouting (see Table S2 ) as assessed 180 independently (24). Panel B: Correlation between the symmetry coefficient to the vertical meridian and the mean 181 misrouting extent of the observers with albinism based on independent stimulation of the left and right hemisphere 182 (Table S2 ). The symmetry coefficients in the vertical meridian correlate highly with the mean misrouting extent 183 calculated for the three visual areas analysed (V1 R=0.88, p=0.02; V2 R=0.77, p=0.07; V3 R=0.84, p=0.04).
184
Using MP to estimate muRF properties 185 Using MP, it is relatively straightforward to explore a variety of muRF properties, such as the 186 number of muRFs per voxel, muRF bilaterality or muRF shape (e.g. their elongation). Figure 5A Figure 5C shows how muRFs 192 tend to be more elongated (i.e. less spherical) in the (para-)fovea compared to the periphery. We 193 observed this trend in all visual areas analysed ( Figure S11A ). Figure 5D shows how unilateral 194 and bilateral muRFs were distributed over the visual cortex, again for a representative observer. 
238
As the next step, we used the symmetry values to quantify the extent of misrouting and identify 239 the misrouted cortical region per observer. Remarkably, in controls, we showed that highly 240 symmetric probe maps delineate the borders of the visual areas. The fact that MP revealed the 241 atypical visual field representations in albinism suggests that these muRFs found in controls are 242 also biologically genuine and meaningful. MP therefore enables a straightforward estimation of 243 atypical RF representations without requiring additional stimuli or assumptions.
244
In healthy observers, we demonstrated that MP not only resolves multiple muRFs within a voxel, 245 but also their properties. The muRFs are spatially organized and the number of muRFs increases 246 with eccentricity. Note that due to cortical magnification, it is likely that the subpopulations are 247 more widely spread in the periphery than in the fovea, and thus easier to identify. We found that 248 approximately 10% of the estimated muRFs were bilateral and located near the vertical meridian.
249
This supports the hypothesis that these bilateral muRF may derive from visual callosal 250 connections that contribute to the integration of the cortical representation at the vertical midline 251 (25-28). Previous studies focusing on the medial superior temporal (MST) area also reported 252 bilateral RFs (29-31). We also found multiple mirrored muRFs (> 2) in albinism, corroborating 253 the finding in healthy observers ( Figure S10 ). This suggests two possible explanations that 254 require further study: 1) that neurons may simultaneously process information from distinct 255 portions of the visual field and 2) subpopulations with spatially distinct properties may be 256 present within a single voxel.
257
MP is robust and recovers biologically meaningful RF properties with only minimal prior
258 assumptions 259 The probe maps revealed that the muRFs can be heterogeneous in shape. MP enables muRF 260 shape estimation without assuming specific shape properties a priori, such as circular symmetry.
261
By assessing the statistical properties of the probe distributions, we showed how muRF shape 262 can be characterized. Based on such assessments, we found that the majority of the muRFs tend 263 to be elongated. This is in line with recent studies that found that the pRFs tend to be elliptical 264 and radially oriented towards the fovea (15, 16). These findings support the functional 265 differentiation of visual processing from fovea to periphery and across the ventral and dorsal 266 cortical visual pathways.
267
By comparing the characteristics of muRFs to those of the conventional pRF, in healthy 268 observers, the following three conclusions can be drawn. Firstly, the eccentricity estimates for 269 muRFs and pRFs correlate closely. Our proposition that muRFs are biologically meaningful is 270 supported by the similarity between the eccentricity maps obtained with pRF and MP, the fact 271 that muRF size increases with its eccentricity. In the periphery, however, eccentricity estimated 272 by muRF tends to be smaller than eccentricity estimated by conventional pRF. This could be 273 explained in part by the fact that muRF size also tends to be smaller, which corroborates At the fairly restrictive k-threshold of 0.15 and VE-range of 0.1, the MP approach estimated 285 smaller muRFs than the conventional pRF. Such relatively small RFs are in agreement with other 286 studies that also estimated significantly smaller pRF sizes than the conventional approach, for 287 example using model-free approaches such back projection (15, 17, 33). Thirdly, compared to 288 conventional methods, MP improves capture of the dynamics of the measured signal, especially 289 for voxels with signals that have a low explanatory power. We also determined that the muRF 290 estimations are robust to noise, as MP could be performed reliably despite the presence of 291 nystagmus in the observers with albinism. This robustness to noise was also confirmed using 292 simulations.
293
Limitations 294 We identified multiple muRFs in voxels in healthy observers, but the functional implications of 295 this finding are uncertain. We have assumed that muRFs have biological relevance, but some of 296 the units may have resulted from artefacts related to segmentation, from voxels stranded on the 297 cortical sulci, or from partial voluming. There are several ways in which the effect of such 298 artefacts could be reduced: correcting for partial voluming (34) , identifying and extracting local 299 sulci (35, 36) and applying MP to higher resolution functional data (< 1mm isotropic). Using 300 more precisely controlled stimuli will contribute to unravelling the biological significance of 301 muRFs and characterizing the neuronal subpopulations specialized in the processing of specific 302 spatial and temporal properties (orientation, spatial frequency, colour etc) (32, 37, 38).
303
At present, MP is a computationally intensive approach when compared to the conventional pRF 304 model. We expect that software optimization and advances in hardware will contribute to 305 reducing the computation time. We currently address this issue by using parallel GPU 306 computing. Furthermore, the use of MCMC sampling is needed only to speed up the process/ 307 limiting computing resource use, but is not fundamental to MP. In principle, probe maps could result from systematically probing every position in stimulus space, creating a densely covered 309 probe map for each voxel. The use of a Markov-Chain means that the current probe maps contain 310 more probes for regions with higher VE. Our current estimate of muRF shape is based on the 311 clustering of the probes weighted by their VE. In contrast, pRFs are fitted to explain the VE of 312 the signal. This explains why the muRFs shapes are sometimes different (e.g. more elongated) 313 from the pRFs. In our view, neither is necessarily correct; they are just different ways to assess 314 shape. Future work will be required to indicate which approach best approximates biological 315 reality.
316
Future directions 317 MP as presented here is a reliable and versatile method to study cortical organization, but it can 318 be improved in several ways. First, using more efficient stimulus designs, such as a narrower bar 319 or multi-focal stimulation (39, 40), could improve the performance of MP. Secondly, applying 320 additional advanced data-driven metrics to extract the shape and number of muRFs may result in 321 a more detailed characterization of the RF. Thirdly, the definition of a probe could be extended, 322 for example to a difference of Gaussians, which may enable MP to also account for negative 323 blood oxygen level dependent (BOLD) activity (41).
324
Previous studies have shown that pRF properties are not stable, and may change in response to 325 environmental factors (stimulus, task) and cognitive factors such as attention (32, 37, 38). Given mapping of the flow of information between brain areas.
331
Changes in pRFs have been reported in health and disease (for a summary see (7)). Regarding 332 disease, this concerns differentiation following cortical and retinal lesions, schizophrenia and 333 autism spectrum disorder. We anticipate that the application of MP to ophthalmologic and 334 neurologic disorders as well as to adaptation studies will reveal additional characteristics of the 335 RF structure, such as number and shape.
336
The recent development of ultra-high field fMRI enables the in-vivo examination of the human 337 brain at a mesoscale and can reveal previously unmapped columnar organizations. However, 338 there is a need for methods that can extract more detailed information on the structure and 339 function of the cortex from this high-resolution data. The application of MP to high-resolution 340 functional data has the potential to reveal how the muRFs and their properties are distributed 341 across cortical depth. This will be crucial to study the functional differentiation of the visual 342 processing across laminae. Moreover, it may complement previous studies of cortical 343 organization across cortical depth, ocular dominance and columnar pinwheel organization for 344 orientation selectivity (42-44).
345
In this study, we described the application of MP to characterize the spatial organization of the 346 visual cortex. However, MP could also be applied to visual feature dimensions, other sensory 347 modalities and cognitive spatially organized features such as numerosity (9, 10).
348
Materials and methods 349 The methods are presented in the following order. First, we will go through the steps of the MP 350 framework. Second, we will describe the acquisition procedure. Third, we will describe how the 351 MP analysis is applied to simulations, to empirically acquired fMRI data from healthy observers, 352 and to the fMRI data of a cohort of observers with albinism and age-matched controls. 
The center of the probe was defined using two latent variables. We used the nomenclature of 367 Zeidman and colleagues (46). Let , be the latent variables corresponding to the radius and 368 angle of the pRF center, respectively. The probe position of a RF in polar coordinates is given
Here is the radius of the stimulated visual field, in degrees.
is the normal cumulative 373 density function. In this study we initialized , with 0.5 and 1, respectively. Note that the 374 centre of the probe is constrained to fall within the stimulated visual field. In the iterative MCMC procedure ( Figure 1A) , the next position ( + 1) was pseudo-randomly 385 selected. The step size between the two probes was controlled by !"#!#$%& . In this study we 386 defined ! and ! as 0.5 and 2, respectively.
Microprobe fitting 391 At each iteration of the MCMC, a probe position (defined by and ) was fitted. The fitting 392 procedure resembles that of conventional pRF modeling (4); see Figure 6C . First, we predicted 393 the voxel's response to the stimulus ( ) by calculating the overlap between the stimulus and the Next, we calculated the likelihood, ! , associated with ! . Here we assumed that ! is normally 401 distributed, enabling the estimation of the mean and standard deviation ( and , respectively).
402
Given and , we calculated the total likelihood, ! , accounting for the contribution of the 403 priors of and .
Finally, the likelihood of the current iteration was compared to the last accepted iteration, 407 according to the following steps. First, the acceptance ratio, , was computed.
Second, a probability of random acceptance, was defined as N(0,1). Third, the Ar value 410 was compared to the value: if the Ar was higher, the latent variables, , , were updated.
411
Based on the new , a new probe was defined and a new iteration took place.
412
To ensure that the entire visual field was probed, 12 different starting positions (equally Following the iterations, we generated a probe map consisting of the projection in the stimulus 419 space of all the probes weighted by their VE. Note that visual inspection of this probe map is 420 informative in itself, regarding the properties of neural population that makes up the voxel.
421
Based on this probe map, we can estimate various muRFs properties, such as their number, 422 position, size, elongation, orientation, and irregularity of the shape and VE ( Figure 6D ).
423
The muRF estimation comprises three steps: first, we select the k% probes with the strongest VE 424 (k-threshold). Additionally, the difference in VE between the most explanatory and the current 425 probe must be lower than a given threshold (VEr). We found this improves any subsequent 426 clustering and shape estimation. Unless otherwise specified, in the present study we used a value 427 of 15% and 0.1 for k and VEr, respectively. images (duration of 12 s) were discarded. During scanning, participants were required to perform 463 a fixation task in which they had to press a button each time the fixation point turned from green 464 to red. The average (std. err) performance on this task was 90.9% (±6.8%). Empirical data for this part of our study had previously been acquired as part of another study 488 (24). In brief, a total of six patients with albinism and five aged-matched controls were included.
465
MRI scanning and fMRI data processing
489
Controls had normal or corrected-to-normal vision. The stimulus, procedure, data acquisition and 490 preprocessing were identical to those reported by (23, 24). Retinotopic mapping was performed 491 using three different stimuli: full field (FF); left field (LF) and right field (RF) stimulation. The 492 study was performed monocularly: only the left eye was stimulated.
493
Analysis was performed using both conventional pRF modelling and our new MP approach. In 494 the case of conventional pRF modelling, three models were used: a standard single Gaussian 495 model and two bilateral Gaussian models, the latter two with positions that were symmetric in 496 either the vertical or the horizontal axis. Three visual areas (V1 and V2 and V3) were defined in 497 the left and right hemisphere of each observer. In observers A01 and A02, we could define V1 498 only in the right hemisphere due to too much noise in the phase maps.
499
The data of the healthy and albinism observers is available at XNAT central under the project 500 ID: fMRI_micro_probing.
501
Symmetry analysis of probe maps 502
For analysing the data of the observers with albinism, an additional symmetry analysis was 503 developed based on the probe maps to quantify the degree of symmetry in the muRFs estimated 504 for a voxel. This provides an indication of the degree to which visual information is misrouted. To verify the accuracy of our model, we simulated multiple pRFs within a voxel using the 638 conventional pRF model. These were centered at multiple locations and had different sizes, 639 based on equation 1. The total profile was given by the sum of the individuals muRFs simulated.
640
Next, the simulated time series were calculated based on the steps to generate the predicted times 641 series, equation 9. We used the standard moving bar stimuli, described in the stimulus section.
642
White gaussian noise was added to the simulated time series. Where is the predicted time series with added noise, is the predicted time series and 647 is the white gaussian noise, while is the variance of the noise.
648
The first simulation was aimed at evaluating the behaviour of MP and its robustness to noise. To 649 do so, per simulation we defined two muRFs (1 deg size) mirrored across different meridians. To Figure S1 shows the eccentricity, polar angle and size error as function of the k-threshold. In 663 general restrictive k-thresholds minimize the eccentricity error, while more lenient ones 664 minimize the pRF size error. The polar angle estimation is not influenced by the k-threshold.
665 Figure S1 shows the eccentricity, polar angle and size error for the six different sizes separately. 
691
Even at very low SNR (0.2), MP could accurately detect the position of the muRF. The size error corresponds to the 692 mean difference in area between the simulated and estimated muRFs.
693
Factors affecting MP performance 694 We find that the main factors affecting the accuracy of MP are the number of muRFs and their 695 distance. Figure S3 shows that the positional error of the estimated muRF is approximately 696 constant over eccentricity. However, this positional error does depend on the number of muRFs.
697 Figure S3 shows that while for one muRF the method is accurate, for multiple muRFs the 698 positional error increases. The method's ability to determine the actual number of muRFs 699 improves with the distance between simulated muRFs ( figure S3 ).
700
The main factors affecting the MP performance are the number of muRFs and distance between 701 the muRF. When the muRFs are too close and their activity superimposes, the muRFs individual 702 characteristics cannot be captured. 
Supplementary data on human observers
708 Figure S4 represents muRF eccentricity as function of pRF eccentricity in human observers. The 709 muRFs detected within a voxel were sorted from the most foveal (represented in blue) to the 710 most peripheral (purple). While in the fovea the muRFs eccentricities vary substantially, in the 711 periphery they largely overlap. For voxels with multiple muRFs, in the fovea (<2 degrees) the 712 muRFs eccentricity estimates are larger, i.e. more peripheral, than those of the pRF. This can be 713 related to the finding that the muRFs in the fovea are more elongated and with statistical biases.
714
Note that not all voxels contained the same number of muRFs-very few voxels got assigned four 715 muRFs, hence the data for these is much noisier and trends are less clear. Figure S5 shows the muRF size as function of its eccentricity. The muRFs were sorted from the 723 smallest (blue) to the largest (purple). Although with shallow slopes the muRF size increases 724 with eccentricity for all the visual areas. This slope becomes more steep as we go through the 725 cortical hierarchy. 731 Figure S6 shows two probe maps where pRF estimated resulted in a higher VE than muRFs. It is 732 noticeable that the pRFs are larger than the muRFs. Panel B shows that the increase in size 733 results in a higher variance explained. 
752
-based on the full field condition. C refers to the median of the controls coefficients.
753 Figure S10A represents a projection of the number of muRFs on the visual cortex. In both 754 controls and Albinism the number of muRFs increases with eccentricity, this effect if present in 755 the three conditions and visual areas tested S10B. Moreover the number of muRFs is 756 significantly higher for Albinism when compared to age matched controls for the full field 757 condition, in the three visual areas tested. For LF and RF there is no difference in the number of 758 muRFs between the two population groups. As expected the maps of the number muRFs follow 759 the same spatial organization as the symmetry analysis. 
767
The muRF elongation was calculated as one minus the ratio between the minor and major axis of the muRFs. Error 
